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Abstract
Purpose

Respiratory motion causes mismatches between PET images of the myocardium and the corresponding
cardiac MR images in cardiac integrated PET/MR. The mismatch may affect the attenuation correction
and the diagnosis of non-ischemic cardiomyopathies. In this study, we present a two-stage cardiac PET
and MR Late Gadolinium Enhancement (LGE) co-registration method, which seeks to improve diagnostic
accuracy of non-ischemic cardiomyopathies via better image co-registration using an integrated whole-
body PET/MR system.

Methods

The proposed PET and LGE two-stage co-registration method was evaluated through comparison with
one-stage direct co-registration and no-registration. One hundred and ninety-one slices of LGE and forty
lesions were studied. Two trained nuclear medicine physicians independently assessed the displacement
between LGE and PET to qualitatively evaluate the co-registration quality. The changes of the mean SUV
in the normal myocardium and the LGE-enhanced lesions before and after image co-registration were
measured to quantitatively evaluate the accuracy and value of image co-registration.

Results

The two-stage method had an improved image registration score (4.93±0.89) compared with the no-
registration method (3.49±0.84, p value <0.001) and the single-stage method (4.23±0.81, p value <0.001).
Furthermore, the two-stage method led to increased SUV value in the myocardium (3.87±2.56) compared
with the no-registration method (3.14±1.92, p value <0.001) and the single-stage method (3.32±2.16, p
value <0.001). The mean SUV in the LGE lesion signi�cantly increased from 2.51±2.09 to 2.85±2.35 (p
value<0.001) after the two-stage co-registration.

Conclusion

The proposed two-stage registration method signi�cantly improved the co-registration between PET and
LGE in integrated PET/MR imaging. The technique may improve diagnostic accuracy of non-ischemic
cardiomyopathies via better image co-registration.

Registered No.

DF-2020-085, 2020.04.30 

Introduction
Positron emission tomography (PET) and magnetic resonance imaging (MRI) have been widely used for
the investigation of cardiovascular disease for decades. With the introduction of integrated PET/MR in
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2010, PET/MR shows high potential for innovation in cardiac imaging [1]. Late gadolinium enhancement
(LGE) on MRI can detect focal �brosis in myocardium and provide excellent risk strati�cation for sudden
cardiac death, all-cause mortality, and heart failure hospitalization in patients with non-ischemic
cardiomyopathy [2]. The combination of metabolic information from 18F-�uoro-deoxy-glucose positron
emission tomography (18F-FDG PET) and LGE may provide supplementary evidence for the evaluation of
myocardial vitality and in�ammation of dilated cardiomyopathy (DCM) or hypertrophic cardiomyopathy
(HCM). 

However, co-registration between MRI and PET of heart is challenging due to patient involuntary motion
including respiration and cardiac contraction [3]. Mäkela et al. summarized the co-registration accuracy
for intra- and intermodal cardiac applications and led to a conclusion that co-registration of any data not
acquired simultaneously is a major problem in inter- and intra-modal examinations [4]. However, image
misalignment can still exist in integrated PET/MR imaging due to different acquisition schemes of two
modalities, although MRI and PET data are acquired simultaneously. 

While misregistration between PET and LGE is an important confounder in accurate assessment of non-
ischemic cardiomyopathies with integrated PET/MR, the techniques developed for co-registration of PET
and LGE in integrated PET/MR remain under developed. For cardiac PET/CT imaging, respiratory motion
is believed to lead to signi�cant bias in myocardial uptake of FDG [5, 6]. A robust registration approach in
clinical practice may be to correct for the mismatch caused by respiratory motion while ignoring other
factors [7]. Strategies used in PET/CT to correct the respiratory motion introduced myocardial
mismatches can also be used in PET/MR. It starts from aligning single-phase CT to respiratory-gated
PET [8], phase-matched PET and CT in 4D-PET/CT imaging [9], and shallow tidal free-breathing or end-
expiratory breath-hold CT aligned to free-breathing PET in clinical practice [10].

In this study, we present a two-stage cardiac PET/LGE co-registration method to improve the assessment
of non-ischemic cardiomyopathies with integrated PET/MR. We hypothesize that respiratory motion is
the main cause of the misregistration between LGE and PET for cardiac imaging. The mismatch between
LGE and PET can be eliminated by using a two-step approach to resolve the mismatch caused by
respiratory movement. Evaluation of the registration quality was performed based on clinical patients
using a set of qualitative and quantitative criteria.

Materials And Methods
Study population

A total of 33 patients referred to cardiac 18F-FDG PET/MR scans between May 2020 and September 2021
were retrospectively enrolled into the study. All patients had documented non-ischemic cardiomyopathies
(HCM or DCM) without contraindications against MR or PET imaging. Of the 33 patients, one patient was
excluded because of incomplete data acquisition, three excluded because of severe motion artifacts in
the LGE images, and one excluded because of failed attenuation correction, potentially due to the
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presence of strong body motion. The �nal cohort consisted of 28 patients, including fourteen DCM and
�ve HCM patients were evaluated for viability assessment with the patient preparation of glucose
loading, four DCM and six HCM patients were evaluated for detecting potential in�ammation with the
patient preparation of fasting. The patient characteristics and datasets, described in detail in Table 1.
This is a post hoc analysis of a previous prospective study conducted at Shanghai East Hospital, Tongji
University (Registered No. DF-2020-085; primary aim: to evaluate the value of 18F-FDG PET/MR imaging
in cardiovascular disease. All patients signed informed consent forms).

Integrated PET/MR imaging

All patients underwent 18F-FDG PET/MR examination using a United Imaging uPMR790 scanner (United
Imaging Healthcare Co. Ltd., Shanghai, China) [11]. For patients undergoing myocardial viability
assessment, a patient preparation protocol of glucose loading and insulin administration was carried out
after a minimal fasting period of six hours [12]. For patients undergoing myocardial in�ammation
assessment, patients were instructed to take a diet rich in fats with no carbohydrates and then fasted for
12 hours before the exam [13]. Both the patient preparation procedures are followed by the intravenous
administration of 18F-FDG (222-296MBq).

List-mode PET imaging was performed at a median uptake time of 60 minutes. The imaging typically
lasted 40 minutes. The data were reconstructed using an Ordered Subsets Expectation Maximization
iterative reconstruction algorithm (OSEM) with two iterations, 20 subsets and matrix size 150×150.
Images were spatially smoothed with 3 mm full-width at half-maximum (FWHM) gaussian kernels. PET
emission data were corrected for scatter, random, dead time, and attenuation. Two PET datasets were
reconstructed from each examination, either with no respiratory gating (termed ungated PET) or eight-
phase respiratory gating (termed respiratory-phase-resolved PET) based on concurrently acquired
respiratory bellows signal (Invivio Expression, Gainesville, FL). The latter amounts for a �ve-minute
acquisition for each respiratory phase, which was believed to generate an acceptable quality. The PET
image was acquired with concurrent recording of the respiratory bellows signal. The same bellows signal
was used to gate the acquisition of the FLASH image, which was acquired with free breathing instead of
breath-hold. The PET image was then reconstructed by using only the data collected in the end-expiration
phase, which was the same phase used for gating the FLASH image acquisition.

A segmented MR-based attenuation correction (MRAC) map for ungated PET and phase-resolved PET
was generated by using the same respiration-gated Dixon 3D fast low angle shot (FLASH)
sequence [14]. Notice that the FLASH sequence was also used as an intermedia for improved PET/LGE
co-registration, as described below. The FLASH sequence was acquired with patient free-breathing, and
retrospective resorting of the data based on concurrently acquired respiratory bellows signal was
performed to generate reconstruction at end expiration only. The imaging parameters of the Dixon 3D
FLASH were: �eld of view 500×350 mm, matrix 493×384, acquired resolution, 0.91×0.91×2 mm3;
repetition time, 4.91 milliseconds; echo time, 2.24/3.19 milliseconds; and �ip angle, 10 degrees,
acquisition time, 150 seconds. 
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MR imaging was performed with a 12-channel phased-array body surface coil and a 24-channel phased-
array spine coil. The imaging protocol includes chronologically a whole-heart morphological imaging, a
multi-slice whole-heart cine imaging, and a multi-slice whole-heart short-axial Late Gadolinium
Enhancement (LGE) imaging. For LGE, the Phase-Sensitive Inversion-Recovery prepared T1-weighted
gradient-echo pulse sequence (PSIR) was acquired 10 minutes after the intravenous administration of 0.3
mmol gadopentetate dimeglumine (Magnevist; Bayer HealthCare, Wayne, NJ) per kilogram. All LGE
images were obtained during an end-expiratory breath-hold.

A two-stage PET/LGE co-registration method

A two-stage registration method was developed to accurately register the 3D PET images with the 2D
multi-slice MR LGE images. The schematic of the registration method is shown in Fig 1A. In the �rst step,
each 3D respiratory-phase resolved PET image was compared to the 3D end-respiratory MRAC FLASH
image to identify the PET image best matched to the MRAC FLASH image. The major landmark features
for selecting the best PET image included the overall shape of the heart and its interface with the lung
and liver. These features were chosen because they were relatively stable regardless of the patient
preparation methods. Typically, the same respiratory phase of PET was found in each patient,
corresponding to the phase employed by MRAC reconstruction, since the same bellows signal was used.
In the second step, a rigid registration was executed to register each slice of the 2D LGE images with the
3D FLASH image to generate a 3D displacement �eld that captures the perceived motion from the 3D
FLASH to each 2D LGE image. Manual registration was performed in superior-inferior (S-I) direction and
in-plane successively on uWS-MR workstation (United Imaging Healthcare Co. Ltd., Shanghai, China).
Inner landmarks of myocardium (papillary muscles, the insertion point of, the right ventricle into the
septum, the most inferior aspect of the septum, and the most inferior aspect of the lateral wall) were used
for the rigid registration [4]. Finally, the 3D displacement �eld was used to warp the FLASH-registered PET,
resulting in a 2D PET image co-registered with each 2D LGE image. The displacement in superior-inferior
direction was recorded to assess the mismatch caused by respiratory movement.

Myocardial lesion identi�cation 

The location and boundary of myocardial lesions on LGE images were identi�ed together by a nuclear
medicine physician with three years’ experience in cardiac PET/MR imaging and a cardiologist with �ve
years’ experience on MR imaging. A manual computing tool (closed polygon) was used to create the
region of interest (ROI) on LGE image. Since LGE and PET share the same patient coordinate system in
integrated PET/MR, the ROI can be directly mapped to PET image to measure SUV value of the lesion.

SUV measurement of myocardium

SUV value of myocardium was measured before and after registration correction. After loading the LGE
and PET images into the Fusion software of the workstation, a manual computing tool (circular or closed
polygon) was used to delineate the outer and inner boundaries of the myocardium in the LGE image,
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resulting in two ROIs mapped to the PET image, termed 
according to:+

Image analysis

The performance of the proposed two-stage PET/LGE co-registration method was evaluated through
comparison with no-registration and one-stage direct PET/LGE co-registration, using an image analysis
process shown in Fig 2. Three sets of PET images, labeled in Fig 2 as PET image1/2/3, were generated
from this process. PET image1 (ungated PET) was reconstructed based on all PET raw data. No explicit
co-registration was performed to generate PET image1 except for the intrinsic motion robustness
encompassed by the integrated PET/MR imaging. PET image2 (single-phase gated PET) was a direct co-
registration between the respiratory-phase resolved PET images and each of the multi-slice 2D LGE
images (termed one-stage registration). The co-registration was manually performed by selecting the PET
image best matched to each of the 2D LGE slice. The one-stage method is illustrated in Fig 1B. PET
image3 was generated based on the proposed method. 

Evaluation of the registration quality from each of the three methods was performed based on a set of
qualitative and quantitative criteria. For qualitative evaluation, two trained nuclear medicine physicians
independently assessed the displacement between LGE and PET for each method. Using normal left
ventricular myocardial thickness (LV. Thk) as a reference, a registration accuracy score ranging from 1 to
5 was rated for each method. Score de�nition: 1 point, PET/LGE Displacement≥ Twofold LV.Thk; 2
points, LV.Thk≤PET/LGE Displacement Twofold LV.Thk; 3 points, 1/2 LV.Thk≤ PET/LGE Displacement
LV.Thk; 4 points, PET/LGE Displacement≤1/2 LV.Thk; 5 points, undetectable mismatches between
images. For patients with low myocardial FDG uptake, the overall shape of the heart and its border with
the lung and liver were still visible, which were used for scoring. The analysis was performed in all 28
patients for each co-registration method. The scores from two reviewers were averaged before further
comparison. 

For quantitative evaluation, the changes of the SUVmean before and after image co-registration were
measured in the normal myocardium (typically three slices were selected by an experienced nuclear
technologist per patient: basal, middle, apex) for each co-registration method, using the method described
in the previous subsection. Since SUVmean quali�es as a surrogate for co-registration accuracy only for
patients with higher FDG uptake in the myocardium than blood, the comparison between different co-
registration methods was �rstly performed within these patients. However, since different patient
preparation methods (glucose-loading vs fasting) led to different PET image appearances, the same
comparison was also performed separately for each of the glucose-leading (n=18) and fasting (n=10)
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subgroups.  Finally, SUVmean in the LGE lesion was evaluated to re�ect the impact of co-registration on
assessment of non-ischemic cardiomyopathies in cardiac integrated PET/MR.

Statistical analysis

Wilcoxon signed-rank test and paired t-test were performed for evaluating statistical differences in the
qualitative scores and the mean SUVs, respectively, between each pair of co-registration methods.

 Table 1 Patient characteristics and datasets

  All patients Patients with PLRA

N 33 28

Age (years) 56±17 57±18

Male (n) 24 21

Female (n) 9 7

Incomplete data acquisition 1 0

Severe motion artifacts in LGE 3 0

HCM (n) 12 11

HCM with Fasting  7 6

HCM with GL 5 5

HCM with Low myocardial glucose uptake  0 0

DCM (n) 21 17

DCM with Fasting  6 4

DCM with GL 15 13

DCM with Low myocardial glucose uptake 4 0

PLRA PET and LGE Registration Assessment, GL Glucose Loading

Results
Of the 28 patients included for further analysis in the study, 25 showed higher myocardial FDG uptake
than the blood pool. Three patients in the fasting group had myocardial FDG uptake lower than or equal
to the blood pool. The registration quality assessment included 191 slices of LGE for qualitative
evaluation, 76 slices of normal myocardium and 40 slices of LGE-enhanced myocardium LGE for
quantitative evaluation.191 LGE/PET displacement data in S-I direction were recorded. To validate that
the PET and MRAC were intrinsically co-registered, an experienced reader was asked to perform
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comparison of the two images in the set of patients with higher myocardial FDG uptake than the blood
pool (n=26). It was found that the co-registration was accurate in 25 of 26 patients, with only one patient
as an exception, where we suspected that the cause of misregistration was patient motion. For patients
with low myocardial FDG uptake, we did not perform extra comparison between the two images and
directly used the end-expiratory PET image. Although patient motion may be a confounder to the co-
registration quality in these patients, the previous analysis showed such a risk is quite low.

The �rst step in two-stage LGE/PET image co-registration is to select a single-phase PET best matched to
the FLASH from respiratory-phase resolved PET images. Compared with the ungated PET (PET image1),
the FLASH matched single-phase PET image showed better registration quality. The registration score
increased from 4.375±0.625 to 4.813±0.410. The increase in registration quality was statistically
signi�cant (p value<0.001). 

The qualitatively and quantitatively analysis results over all patients with higher FDG uptake in the
myocardium than blood are shown in Fig 3. For qualitative evaluation, PET image3 showed the best
image registration score (4.93±0.89) compared with PET image1 (3.49±0.84, p value <0.001) and PET
image2 (4.23±0.81, p value <0.001), and also PET image2 was better than PET image1 (p value <0.001).
For quantitative evaluation, PET image3 had the highest SUV value of the normal myocardium
(3.87±2.56) compared with PET image1 (3.14±1.92, p value <0.001) and PET image2 (3.32±2.16, p value
<0.001), and also PET image2 was slightly better than PET image1 (p value=0.0012).

The subgroup analysis is shown in Fig 4. For qualitative evaluation of glucose loading patients, PET
image3 showed the best image registration score (4.96±0.16) compared with PET image1 (3.69±0.97, p
value <0.001) and PET image2 (4.28±0.83, p value <0.001), and also PET image2 was better than PET
image1 (p value <0.001). For qualitative evaluation of fasting patients, PET image3 showed the best
image registration score (4.90±0.24) compared with PET image1 (3.69±0.92, p value <0.001) and PET
image2 (4.44±0.76, p value <0.001), and also PET image2 was better than PET image1 (p value <0.001).
The trends are similar in regard to the qualitative analysis between the two subgroups. For quantitative
evaluation of glucose loading patients, PET image3 had the highest SUV value of myocardium
(4.37±2.85) compared with PET image1 (3.52±2.15, p value <0.001) and PET image2 (3.78±2.45, p value
<0.001), and also PET image2 was slightly better than PET image1 (p value=0.0011). For quantitative
evaluation of fasting patients, PET image3 had a trending increase of SUV value of myocardium
(1.96±1.27) over PET image1 (1.77±1.01, p value =0.056) and a marginal increase over PET image2
(1.81±1.06, p value =0.033). PET image2 was slightly better than PET image1 (p value=0.4475). The
result of Bland-Altman analysis between each pair of comparisons is shown in the Supporting
Information. 

Fig 5 shows four representative examples where the two-stage PET/LGE co-registration method
apparently improved the co-alignment between the PET image and the LGE image. Lesions identi�ed by
LGE could have different FDG uptake values after co-registration. Bland-Altman plot of SUVmean changes
of 40 LGE-enhanced lesions is shown in Fig 6. For fasting patients, the mean SUV in the lesion increased
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from 1.69±1.15 to 1.84±1.16 with only a trending signi�cance (p value=0.1260). For glucose loading
patients, the mean SUV in the lesion signi�cantly increased from 3.11±2.41 to 3.67±2.68 (p
value=0.0001).

Histogram of the S-I direction displacement of LGE/PET is shown in Fig 7. Proportion of different
displacements in the study population: 0~2 mm, 34.4%; 0~4 mm 50%; 0~6 mm, 63.7%.

Discussion
The proposed two-stage registration method signi�cantly improves the registration quality of PET/LGE in
myocardial PET/MR imaging. The major �nding from this study is of twofold. Firstly, the misregistration
between PET and LGE is common with 50% of the studied population showing image mismatches along
S-I direction greater than 4 mm. Secondly, the proposed co-registration method signi�cantly improved the
image quality compared with non-registration and one-stage registration, indicating that using the MRAC
FLASH image as an intermedia to co-register PET and LGE is more effective than direct co-registration. 

By offering more accurate SUV value, co-registration of PET and LGE may improve diagnostic accuracy in
assessment of non-ischemic cardiomyopathy by integrated PET/MR. Eun-jung reported that 18F-FDG
myocardial PET not only shows �brosis as late gadolinium enhancement (LGE) does on MRI but also its
severity, which means the late stage of hypertrophic myocardium might show more decrease of 18F-FDG
uptake [15]. LGE can detects focal �brosis in myocardium, it provides excellent risk strati�cation for
sudden cardiac death, all-cause mortality, and heart failure hospitalization in patients with non-ischemic
cardiomyopathy [16]. The combination of glucose loading 18F-FDG PET and LGE may provide solid
evidence for the evaluation of myocardial vitality of DCM or burned-out HCM. Focal �brosis by LGE in
combination with focal myocardial in�ammation by fasting PET additionally may suggest a poor
prognosis for HCM. Since the accurate analysis of cardiomyopathy depends on the accurate matching of
PET and LGE images, improved co-registration may lead to more accurate assessment of the diseased
myocardium. 

In cardiac PET/MR imaging, registration of cardiac images is a challenge because of the various sources
and the speci�city of each imaging modality. Fewer accurate anatomical landmarks and nonrigid moving
making registration of cardiac images a complex [4]. Techniques developed for co-registration of PET
and LGE in integrated PET/MR are rare, most of the study focus on co-registration of PET and MRAC. In
2019, Martin found that average respiratory misalignment of (7 ± 4) mm of the PET images and the AC
maps was observed in 18 (90%) patients [17]. In 2021, Elia found that misalignment of MRAC and PET
datasets commonly occurs in adenosine stress myocardial perfusion imaging (MPI) on a integrated
PET/MR device. Manual adjustment was used to correct the misalignment between the PET and MRAC
images [18]. Non-rigid registration of MRAC and PET was also used in MR-guided PET image
reconstruction [19]. In two-stage registration, the single-phase PET that best matched to the Dixon 3D
FLASH got essentially good attenuation correction (the registration score is 4.813±0.410), and making



Page 11/21

quantitative analysis feasible. For the �rst time, PET/LGE co-registration is carried out on the basis of
PET/MRAC accurate co-registration. 

In our study, image co-registration of LGE/PET image2 was carried out by one-stage registration.
However, once the uptake pattern of myocardium cannot show myocardial contour clearly (such as
myocardium in�ammation assessment), mismatches would be di�cult to identify and correct. Since the
MRAC FLASH image and the phase-resolved PET images were gated by the same bellows signal, the
mismatch between FLASH and PET should be intrinsically small. The original cross-modality registration
problem of 2D LGE and 3D PET images is then simpli�ed into the intra-modality registration problem of
2D LGE and 3D Water-Dixon images. This somewhat explains why the qualitative comparison between
one-stage and two-stage methods was still signi�cant even in the fasting patient subgroup. 

In subgroup analysis, the result from the glucose loading group was highly consistent with the
comparison including all patients with higher FDG uptake in the myocardium than the blood. This is to be
expected since all these patients in the subgroup had high myocardial FDG uptake. For the fasting group,
the qualitative analysis still showed signi�cant improvements of the two-stage registration method over
the two other approaches, suggesting improved co-registration. However, the quantitative analysis using
myocardial SUV as a surrogate showed only trending improvements. Nevertheless, the trending
improvements of myocardial SUV were not surprising since these patients had a mixed pattern of SUV in
the heart. 

In Fig 6, we can see a better co-registration method could signi�cantly change the SUV in the LGE lesion.
In the glucose-loading group, the LGE-SUV was increased as a result of co-registration. This increase was
because the LGE lesion before co-registration often co-aligned with the blood pool or the lung in the PET
image. Although LGE may have lower FDG uptake than normal myocardium, the FDG uptake in the blood
and lung was even lower. In the fasting group, the LGE-SUV was not signi�cantly different with or without
co-registration, since the FDG uptake pattern in this group was more diverse.

The method has several limitations. Firstly, the method assumes rigid motion along superior-inferior
direction between the end-respiratory FLASH image and the LGE image. This assumption was based on
the previous studies suggesting the heart displacement due to respiratory motion was greatest in the
inferior-superior direction [20, 21]. However, although the simpli�cation of motion models renders the
method more practical to use, inadequate co-registration may occur as a result of the simpli�cation.
Secondly, since the apex and fundus in the long-axis images often have inconsistent motion due to
breathing, the method based on rigid motion correction is not suitable for long-axis MR images. Finally,
the respiration-gated FLASH sequence used in this study was acquired without ECG-gating, resulting in
blurred myocardium in some patients, which may lead to inaccurate registration. 

In the assessment of cardiomyopathy, MR sequences like dark-blood T2-Weighted, LGE, Mapping are
believed to play important role, and the mismatch between those sequence can also be corrected using
the proposed two-stage registration.
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Conclusion
In conclusion, we have proposed a two-stage cardiac PET/LGE co-registration method for cardiac
PET/MR imaging that is applicable for 2D short-axial LGE and 3D PET images. The technique may
improve diagnostic accuracy of non-ischemic cardiomyopathies via better image co-registration. The
technique provides a convenient and easy-to-operate solution to make myocardial PET/MR quantitative
analysis feasible.
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Figure 1

(A) Illustration of image co-registration of LGE and PET with two-stage registration. Firstly, List-Mode PET
data was binned into eight respiratory bins based on respiratory signal. Secondly, compare FLASH and
Respiratory Phase Resolved PET to choose one FLASH-Registered phase. Thirdly, perform rigid
registration manually between 3D FLASH and 2D LGE and get the 3D displacement �eld. Finally, wraps
FLASH-Registered PET use the input displacement �eld to generate LGE-Registered PET. (B) Illustration of
image co-registration of LGE and PET with one-stage registration. Firstly, List-Mode PET data was binned
into eight respiratory bins based on respiratory signal. And then, compare 2D LGE and Respiratory Phase
Resolved (RPR) PET to choose one LGE-Registered phase. 
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Figure 2

Schematic layout of the study.
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Figure 3

Registration quality assessment of PET image. (A) Image registration score of PET image1/2/3. PET
image3 have the best registration accuracy and the increase in registration accuracy is statistically
signi�cant. (B) SUVmean of myocardium of PET image1/2/3. The increase in SUVmean of myocardium
is statistically signi�cant. Note: *, **, *** represent p value <0.05, 0.01 and 0.001 respectively.

Figure 4
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Registration quality quantitative and qualitative subgroup analysis. SUVmean of myocardium of PET
images (Ungated, One-Stage and Two-Stage) of fasting showed Two-Stage method only made trending
improvements. The p value between Two-Stage and One-Stage Images is 0.033, Two-Stage and Ungated
Images is 0.056 (A).The increase in SUVmean of myocardium is statistically signi�cant for glucose
loading (B). For qualitative analysis, Two-Stage PET image have the best registration accuracy and the
increase in registration accuracy is statistically signi�cant (C,D) . Note: ns, *, **, *** represent Not
Statistically Signi�cant, p value <0.05, 0.01 and 0.001 respectively.
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Figure 5

Comparison of images before and after two-stage registration. (A) Short-axial LGE image of one patient
with DCM underwent fasting PET imaging. (B) LGE and PET fusion image before registration, obvious
mismatch between LGE and PET can be seen (arrow). (C) After two-stage registration, displacement
between LGE and PET can hardly be detected. (D-F) SUVmean of one LGE-enhanced lesion changed after
two-stage registration for one patient with HCM underwent glucose loading PET imaging (arrow). (G-I) For
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one patient with DCM underwent glucose loading PET imaging, myocardium have a low FDG uptake
pattern, but the elimination of displacement of liver can be seen after two-stage registration (arrow). (J-L)
The enhanced pattern in LGE image match exactly with FDG uptake pattern after two-stage registration
for one patient with HCM underwent fasting PET imaging (arrow).

Figure 6

Bland-Altman plot of SUVmean change of LGE-Enhanced lesion after two-stage registration of fasting (A)
and glucose loading (B) imaging preparation. 
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Figure 7

Histogram of PET/LGE diaplacement in S-I direction.
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